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The Effective Hamiltonian
The system is described by the effective Hamiltonian

Hs =
∑
m,n

[t(e)mnc
†
mcn + t(h)mnv

†
mvn −W (eh)

mn c†mv†nvncm], [S1]

where m (n) runs over the initially unoccupied (occupied) or-

bitals. t
(e)
mn (t

(h)
mn) is the electron (hole) hoping rate, W

(eh)
mn =

V(eh)(|rm − rn|) is the Coulomb attraction between the elec-
tron and the hole. We neglect electron-electron, hole-hole
Coulomb repulsion and the dipole-dipole interaction between
two excitons at different sites. One can now calculate the ma-
trix elements of the Hamiltonian in Eq. S1 in the three-state
basis (|D′⟩,|B′⟩, |A′⟩) using

⟨0|cmvnHsc
†
kv

†
l |0⟩ = δnlt

(e)
mk + δmkt

(h)
nl − δmkδnlW

(eh)
mn . [S2]

We assume that the direct electron hoping between donor

and acceptor t
(e)
ba and t

(e)
ab is weak compared to the donor-

bridge hoping t
(e)
db , t

(e)
bd . This is justfied for remote orbitals

with a large energy difference - few eV. We further neglect
direct hoping of electrons between donor and acceptor such

that t
(e)
da = t

(e)
ad = 0. The Hamiltonian (Eq. S1) (ℏ = 1) can

thus be recast as Hs = HDBA+Hhop where the diagonal part
is given by

HDBA = ωD|D⟩⟨D|+ ωB |B⟩⟨B|+ ωA|A⟩⟨A|, [S3]

and

Hhop = tDB |D⟩⟨B|+ tBA|B⟩⟨A|+H.C. [S4]

is the electron hopping Hamiltonian. Here ωD = t
(e)
d,d + t

(h)
dd −

W
(eh)
d,d , ωA = t

(e)
a,a + t

(h)
dd − W

(eh)
a,d , ωB = t

(e)
b,b + t

(h)
dd − W

(eh)
b,d

are electronic energies, and tDB = t
(e)
d,b, tBA = t

(e)
b,a are the

hopping rates between many-electron states.
The X-ray parameters are based on the adiabatic (delocal-

ized) basis. By diagonalizing the 3×3 Hamiltonian we obtain
the adiabatic exciton Hamiltonian

Hs = ω′
D|D′⟩⟨D′|+ ω′

B |B′⟩⟨B′|+ ω′
A|A′⟩⟨A′|, [S5]

where the exciton basis set is obtained via unitary transfor-
mation U(t): |{D′, B′, A′}⟩ = U(t)|{D,B,A}⟩.

Electron Transfer Dynamics
Electron transfer dynamics in diabatic basis is described by a
master equation (1) where the Liouville space components of
the ET rate matrix are

KDD,DD = kDB ,KDD,BB = −kBD, [S6]

KBB,DD = −kDB ,KBB,BB = kBD + kBA,KBB,AA = −kAB ,
[S7]

KAA,BB = −kBA,KAA,AA = kAB , [S8]

and the rest of the components are zero. The corresponding
Green’s function in Liouville space is given by

Gmn,pq(t) = − i

ℏ
θ(t)

[
e−Lt

]
mn,pq

. [S9]

Eq. (S9) can be recast as

Gmm,nn(t) = − i

ℏ
θ(t)

∑
p

χR
mp(Wpp)

−1e−λptχL
pn. [S10]

Here, χL,R denote the left (right) eigenvectors of the rate ma-
trix K which satisfy the following equations∑

n

Kmmnnχ
R
np = λpχ

R
mp, [S11]

and ∑
m

χL
pmKmmnn = λpχ

L
pn. [S12]

W = χL ·χR and λp are the identical eigenvalues for both sets
of eigenvectors.

Interaction of the Molecule with X-ray Pulse
The dipole matter-field coupling is formulated in the adia-
batic basis. In the interaction picture and the rotating wave
approximation (RWA) (1) it reads

H ′
x(t) = V′†(t) ·E(t− T ) +V′(t) ·E†(t− T ), [S13]

where

E(t− T ) =

∫ ∞

−∞

dω

2π

∑
j=1,2

ejEj(ω)e
−i(ω+ω0

j )(t−T ), [S14]

and

Ej(ω) = (2π)1/2σje
−σ2

jω
2/2−iϕj [S15]
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is the Gaussian envelope of the component j = 1, 2 with
pulse bandwidth σj and phase ϕj . Pulse E(t − T ) has
two components tuned such that E1 nearly resonant with
x − A′ transition and E2 - with x − B′. These are the
positive frequency components of the field centered at de-
lay T , polarization unit vector ej , center frequency ω0

j , j =

1, 2. V′(t) =
∑

n′=A′,B′ µn′xe
−[iωn′x+Γx]t|n′⟩⟨x| represents

a lowering operator that promotes an electron from core
orbital x to valence orbital b′, a′. The corresponding ex-
pression in diabatic basis reads V(t) = U(t)V′(t)U−1(t) =∑

n=A,B,D µnxe
−[iωnx+Γx]t|n⟩⟨x|, which couples all the three

diabatic states A,B,D to the core state x. The corresponding
generalized polarizability tensor in diabatic basis that origi-
nates from X-ray interaction with molecule is given by Eq.
(4).

Electron Transfer Control with X-ray Resonant Raman

Process
The lowest order correction to acceptor population is linear in
X-ray intensity. The corresponding diagram is shown in Fig.
S1 (see Ref. (2) for diagram rules). One can read the diagram
and obtain

∆PA(t1, t2) = 2Riℏ
∫ t1+t2

−∞
ds1

∫ s1

−∞
ds2

∑
i,j=1,2

∑
m,n,q=A,B,D

× E∗
i (s1 − t1)Ej(s2 − t1)(ei · µxq)(ej · µxm)

× GAA,qn(t1 + t2 − s1)Gxn,xn(s1 − s2)Gmn,DD(s2),
[S16]

where Gxn,xn = −i/ℏθ(t)e−(iωxn+Γx)t, n = A,B,D is a Liou-
ville space greens function that governs core to valence elec-
tron dynamics. Under assumption of well separated pulses
one can evaluate the time integrals in Eq. (S16) and obtain
Eq. (3) in the main text. Here i = 1 if q = A, i = 2 if q = B,
j = 1 if m = A and j = 2 if m = B.

Parameters for ET Control
In the limit of well separated pulses Eq. 3 in the main text
then contains dominant elastic component where m = n =
q = A

∆PAel(t1, t2) = 2RGAA,AA(t2)|µAx|2σ2
1I1GAA,DD(t1),

[S17]

and inelastic correction q = n = A, m = B

∆PAin(t1, t2) = 2RGAA,AA(t2)GBA,DD(t1)

× µAxµBxσ1σ2I
1/2
1 I

1/2
2 e−iϕ. [S18]

The X-ray effect is maximal at t2 = 0 and in the lowest order
approximation in the weak B/A coupling we obtain

∆PAin(t1, 0)

∆PAel(t1, 0)
≃ σ2

2I
1/2
2

σ1I
1/2
1

|µBx|
|µAx|

KDB

KBA
≥ 1. [S19]

The inequality (5) in the main text therefore provides an im-
portant restriction on the pulse and matter parameters suit-
able for ET coherent control where the inelastic contribution
originated from coherences play an important role. Under as-
sumption of for equal parameters of the both components of
the field I1 = I2, σ1 = σ2 Eq. (S19) becomes Eq. (5).

ET Parameter for the Ru-Co Model Complex
From the TDDFT excited state calculation of the Ru-Co
model complex, the first valence excited state with significant
Ru-to-tpphz character (D→B transition) is the No. 2 excited
state with an excitation energy of 2.8013 eV. The significant
MOs involved in the transition are shown in Fig. S2. To
reduce the computational cost, in the B→A transition calcu-
lations, we simply use the [(−tpphz)CoIII(CN)4]

2− molecular
fragment cut from the Ru-Co complex. For this fragment, the
first valence excited state with significant tpphz-to-Co char-
acter (B→A transition) is the No. 9 excited state with an
excitation energy of 2.6070 eV. Thus we choose the following
ET parameters: the donor energy 0 eV, the bridge energy
EB = 2.8 eV, and the acceptor energy EA = 2.8 + 2.6 = 5.4
eV. The electronic couplings for the D→B and B→A ET pro-
cess are estimated by using the generalized Mulliken-Hush
scheme (3–6):

tDB,BA =
µ12∆E12√

(µ1 − µ2)2 + 4µ12

, [S20]

where µ12 is the transition dipole between the initial and final
states of the ET process; ∆E12 is the energy difference of the
initial and final states; and µ1,2 are the dipole moments of the
initial and final state, respectively. Since the ET direction is
along the x axis (see Fig. 1(a) in the main text), we consider
only the x-component of the dipole in electronic coupling esti-
mation. For tDB , TDDFT calculations show µ12 = 1.6137 a.
u., ∆E12 = 2.7826 eV, µ1 = 27.0603 Debye and µ2 = 8.3054
Debye, so tDB = 0.557512 eV; for tBA, TDDFT calculations
show µ12 = 0.0362 a. u., ∆E12 = 2.6070 eV, µ1 = −30.1568
Debye and µ2 = −60.2611 Debye, so tBA = 0.0079674 eV.
Thus we choose tDB = 0.6 eV and tDB = 0.008 eV. The
electron transfer times kDB = 20 fs and kBA = 2 ps were
estimated from the experimental data in Ref. (7). Co 1s core
excitation calculations on the simple Co complex fragment
show that a typical Co→CN ligand core transition has a tran-

sition dipole µ
(x)

A′x = 0, µ
(y)

A′x = −0.00003, µ
(z)

A′x = −0.00086
a. u., and a typical Co→tpphz bridge core transition has a

transition dipole µ
(x)

B′x = 0.00033, µ
(y)

B′y = 0, µ
(z)

B′z = 0 a. u.,

thus we used these numbers in our model simulation. Particle
MOs involved in these transitions are shown in Fig. S3.
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Fig. S1. Ladder diagram corresponding to ∆PA(t1, t2) (Eq. (3) in the main text). Blue

arrows represent interactions with X-ray pulse. Red arrows at t = 0 represent photo-induced

ET preparation. Red arrows at t correspond to the fluorescence detection of the acceptor

population. |x⟩ is the intermediate resonant core state that affects the polarizability α (Eq.

(4) in the main text). Diagram rules are presented in (2)

.
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Fig. S2. Representative molecular orbitals of the D→B valence excitation of the Ru-Co

model complex. The corresponding CI coefficients are also shown. Color code: Ru (light

blue), Co (yellow), N (deep blue), C (gray), H (white). Results from TDDFT calculations with

Gaussian09.
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Fig. S3. Representative particle molecular orbitals of the B→A (a) and A→A local core

excitation (b) of the simplified Co fragment complex. The corresponding hole orbital is always

the Co 1s orbital (not shown). The corresponding CI coefficients are also shown. Color code:

Co (light brown), N (blue), C (gray), H (white). Results from restricted excitation window

TDDFT calculations with NWChem. Core excitation energies are not shifted.
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